Abstract: Natural products, including traditional herbal medicine (THM), are known to exert their therapeutic effects by acting on multiple targets, so researchers have employed network pharmacology methods to decipher the potential mechanisms of THM. To conduct THM-network pharmacology (THM-NP) studies, researchers have employed different tools and databases for constructing and analyzing herb-compound-target networks. In this study, we attempted to capture the methodological trends in THM-NP research. We identified the tools and databases employed to conduct THM-NP studies and visualized their combinatorial patterns. We also constructed co-author and affiliation networks to further understand how the methodologies are employed among researchers. The results showed that the number of THM-NP studies and employed databases/tools have been dramatically increased in the last decade, and there are characteristic patterns in combining methods of each analysis step in THM-NP studies. Overall, the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) was the most frequently employed network pharmacology database in THM-NP studies. Among the processes involved in THM-NP research, the methodology for constructing a compound-target network has shown the greatest change over time. In summary, our analysis describes comprehensive methodological trends and current ideas in research design for network pharmacology researchers.
Introduction
Traditional herbal medicine (THM) has maintained the health of Asian people for thousands of years and built a unique medical system based on empirically accumulated knowledge. Billions of people around the world are taking THM daily, and the drug development field considers THM to be a source of inspiration [1, 2] . The research indicates that THM's therapeutic effects may involve various biomolecules [3] . However, due to the complexity of THM and the limitations of experimental applications, specific mechanisms of action have been fully elucidated for only a few THMs [4] . This is a major obstacle to THM's modernization and wider application to modern healthcare.
Network pharmacology has emerged as a promising approach to accelerate drug development and elucidate the mechanisms of action of multiple target components [5] . It understands disease as a perturbation of interconnected complex biological networks and identifies the mechanisms of drug action by network topology [6, 7] . The conceptual elements of network pharmacology were derived from systems biology, which can address both the connectivity and the interdependence of individual components [8] . The core idea of network pharmacology is well suited for analyzing the multi-targeted agents, so network pharmacology methods may be appropriate for identifying the complex mechanisms of THM.
In the last decade, researchers have employed network pharmacology methods to elucidate the potential targets and toxicity of THMs [9] . THM-network pharmacology (THM-NP) studies are conducted by constructing an herb-compound-target (H-C-T) network by integrating the herbal constituent data and drug-target interactions (DTIs) information. Then, the target network is analyzed to interpret related biological functions, pathways, and diseases ( Figure 1 ). Since there are no gold standard methods for THM-NP studies yet, researchers have developed and applied various tools and databases for each step.
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Materials and Methods

Search Strategy
The literature search was performed in PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) from January 2000 to December 2018. The search language was restricted to English. The search terms used were NP-related terms ("network pharmacology" OR "network analysis" OR "system-level" OR "systems-level" OR "systems pharmacology" OR "systems biology" OR "bioinformatics") in [title] AND THM-related terms ("oriental medicine" OR "traditional medicine" OR "traditional Asian medicine" OR "Chinese medicine" OR "Kampo medicine" OR "Korean medicine") in [title/abstract]. The search range of THM-related terms was extended to [title/abstract] since the titles of THM studies generally contain only the name of herbs or herbal formulae that are difficult to search.
Inclusion Criteria
We considered a THM-NP study as the original article that analyzed a THM's mode of action through the construction of a compound-target network. Full-text articles from the literature search were checked to determine their eligibility. There was no restriction regarding in vivo, in vitro, and in silico studies. THM was considered as (1) extract(s) from a single herb; (2) preparation(s) containing multiple herbs; (3) proprietary herbal product(s); and (4) molecule(s) derived from a single herb.
Study Selection and Data Extraction
Two authors (W.Y. Lee and C.E. Kim) independently examined titles, abstracts, and journals to select eligible THM-NP studies. When articles were duplicated, only the most recent information was included. Then the full text of potentially relevant studies was retrieved. Two authors (W.Y. Lee and C.E. Kim) independently examined the full-text records to determine which studies met the inclusion criteria. Disagreements about the study selection were resolved by rechecking whether the studies met our criteria for inclusion.
Authors extracted the following data from the included THM-NP studies: authors, affiliations, publication years, tools, and databases. Synonyms for tools and databases were merged and counted under a single keyword. DTpre and SysDT [16] were considered to be the same method as Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, http://lsp.nwu. edu.cn/tcmsp.php) [17] since these methods were originally developed and implemented in TCMSP.
Categorizing Drug-Target Interaction Methods
To capture the trends in the methods for constructing compound-target networks, we categorized DTI methods into four groups by their hypothesis and which information was used: the chemogenomic approach, docking simulation approach, ligand-based approach, and others [18] [19] [20] . The chemogenomic approach predicts potential compound-target pairs similar to validated compound-target pairs. This method is based on the assumption that a compound-target pair is likely to interact with high similarity to a validated compound-target interaction in terms of chemo-physical properties [21] . The docking simulation approach predicts the binding conformation of small-molecule ligands to the appropriate binding site of the target using 3D structural information on the compounds and protein targets [22] . The key hypothesis of this approach is that compounds with a high binding affinity at the binding site are likely to interact with the target [23] . The ligand-based approach predicts interactions by comparing a new ligand to known proteins' ligands based on the hypothesis that similar molecules usually bind to similar proteins [24] . DTI methods that do not belong to the above categories were assigned to the category "others", such as data mining techniques, high-throughput screening, and databases that integrate drug-target interaction information from heterogeneous sources.
Construction of the Co-Author Network and Affiliation Network
The author network and affiliation network were constructed to identify the methodological characteristics of corresponding authors and affiliations. The nodes in each network represent authors or affiliations, and the edges represent co-occurrences of authors or affiliations in THM-NP studies. The frequencies of employed DTI and drug availability methods were counted for each corresponding author or affiliation. These methodologies were mapped to the author network and the affiliation network. Cytoscape 3.7.1 (http://www.cytoscape.org/) was used to visualize the networks [25] .
Results
Description of the Search
We initially found 233 potentially relevant articles from PubMed. The search was conducted using combined keywords consisting of THM-related terms and NP-related terms. Another 15 potentially relevant articles were included by searching references in other THM-NP studies or review articles. Titles, abstracts, and journal names were screened, and 167 studies were considered potentially eligible for inclusion. Of these, 20 articles were excluded after screening the full texts. Finally, a total of 147 THM-NP studies were included in our study ( Figure 2 ). The included THM-NP studies are listed in Supplementary Table S1 .
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Methodological Trends in Constructing the Herb-Compound Network
We next investigated the trends in employed methods in THM-NP studies. Commonly used databases and tools are described in Table 1 (see Supplementary Table 2 for complete lists).The construction of the herb-compound network is the first step of a THM-NP study. Among the databases for herbal medicines, TCMSP was most commonly used to construct an herb-compound network. Additionally, some THM-NP researchers used their own experimental results (e.g., Ultra Performance Liquid Chromatography (UPLC) or High-performance liquid chromatography) to identify ingredients of the herbal medicines in their studies ( Figure 4A ). 
We next investigated the trends in employed methods in THM-NP studies. Commonly used databases and tools are described in Table 1 (see Supplementary Table S2 for complete lists). The construction of the herb-compound network is the first step of a THM-NP study. Among the databases for herbal medicines, TCMSP was most commonly used to construct an herb-compound network. Additionally, some THM-NP researchers used their own experimental results (e.g., Ultra Performance Liquid Chromatography (UPLC) or High-performance liquid chromatography) to identify ingredients of the herbal medicines in their studies ( Figure 4A ). Because information on the absorption, distribution, metabolism, and excretion (ADME) properties of herbal medicines in humans are lacking, researchers have employed evaluation methods or machine learning tools to predict those properties. We counted the number of THM-NP studies that evaluated the drug availability of herbal ingredients. We found that approximately half of (72/147, 49.0%) THM-NP studies evaluated the drug availability of herbal ingredients, and the majority of the studies (54/72, 75.0%) employed Obioavail and drug-likeness in combination ( Figure  4B ). Obioavail is an in silico model that predicts the fraction of an administered dose of a drug that reaches the systemic circulation unchanged [39] . Drug-likeness measures the structural similarity between herbal ingredients and the drugs in the Drugbank database (http://www.drugbank.ca/) using the Tanimoto coefficient [40] . They are applied to screen ADME-favorable compounds and pharmacologically suitable compounds in herbal medicines, respectively.
Methodological Trends for Constructing Compound-Target Networks
We next attempted to determine the frequency of each DTI method for constructing compoundtarget (C-T) networks (Note that some of the THM-NP studies combined several methods to identify DTIs. Therefore, the total frequency of the DTI method is greater than the total number of THM-NP studies). The results showed that TCMSP (47/222, 21.1%) and molecular docking (44/222, 19 .8%) were the most frequently used. In addition, experimental methods, such as microarrays, were also applied ( Figure 5A ). It is noteworthy that DTI methods of TCMSP have existed for less than 10 years since its development but have been used most frequently in THM-NP studies [16] . More than one-third of THM-NP studies (54/147, 36.7%) combined several DTI methods for constructing C-T networks, and most of them included TCMSP (e.g., TCMSP-molecular docking and TCMSP-STITCH) ( Figure 5B ). Because information on the absorption, distribution, metabolism, and excretion (ADME) properties of herbal medicines in humans are lacking, researchers have employed evaluation methods or machine learning tools to predict those properties. We counted the number of THM-NP studies that evaluated the drug availability of herbal ingredients. We found that approximately half of (72/147, 49.0%) THM-NP studies evaluated the drug availability of herbal ingredients, and the majority of the studies (54/72, 75.0%) employed Obioavail and drug-likeness in combination ( Figure 4B ). Obioavail is an in silico model that predicts the fraction of an administered dose of a drug that reaches the systemic circulation unchanged [39] . Drug-likeness measures the structural similarity between herbal ingredients and the drugs in the Drugbank database (http://www.drugbank.ca/) using the Tanimoto coefficient [40] . They are applied to screen ADME-favorable compounds and pharmacologically suitable compounds in herbal medicines, respectively.
We next attempted to determine the frequency of each DTI method for constructing compound-target (C-T) networks (Note that some of the THM-NP studies combined several methods to identify DTIs. Therefore, the total frequency of the DTI method is greater than the total number of THM-NP studies). The results showed that TCMSP (47/222, 21.1%) and molecular docking (44/222, 19.8%) were the most frequently used. In addition, experimental methods, such as microarrays, were also applied ( Figure 5A ). It is noteworthy that DTI methods of TCMSP have existed for less than 10 years since its development but have been used most frequently in THM-NP studies [16] . More than one-third of THM-NP studies (54/147, 36.7%) combined several DTI methods for constructing C-T networks, and most of them included TCMSP (e.g., TCMSP-molecular docking and TCMSP-STITCH) ( Figure 5B). We categorized the methods into four groups: the chemogenomic approach, docking simulation approach, ligand-based approach, and others ( Figure 5C , see Materials and Methods for details). To identify trends in DTI methods, we counted the frequency of each DTI group each year ( Figure 5D ). In the early stage, approximately half of THM-NP studies (4/9, 44.4% and 8/18, 44.4% in 2012 and 2013, respectively) employed molecular docking simulation, but the proportion of molecular docking simulations decreased gradually and was the lowest (12/77, 15.9%) in 2018.
Methodological Trends for Target Interpretation
We identified the frequency of biomedical databases employed to analyze the biological processes, pathways, and diseases from the targets of herbal medicines ( Figure 6 ). Most THM-NP We categorized the methods into four groups: the chemogenomic approach, docking simulation approach, ligand-based approach, and others ( Figure 5C , see Materials and Methods for details). To identify trends in DTI methods, we counted the frequency of each DTI group each year ( Figure 5D ). In the early stage, approximately half of THM-NP studies (4/9, 44.4% and 8/18, 44.4% in 2012 and 2013, respectively) employed molecular docking simulation, but the proportion of molecular docking simulations decreased gradually and was the lowest (12/77, 15.9%) in 2018.
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Combinatorial Patterns in Methodologies of THM-NP Studies
We identified the combinatorial patterns of each step in THM-NP studies by a Sankey diagramlike representation (Figure 7) . The Sankey diagram is a visualization tool used to depict quantitative information about flows from one set to another within a network [43] . The nodes in each layer (vertical lines) represent the methods of herb-compound (H-C) network construction, compoundtarget (C-T) network construction, and target interpretation, respectively. The edges (connected lines) between layers indicate that these methods are used together in the same THM-NP studies. 
We identified the combinatorial patterns of each step in THM-NP studies by a Sankey diagram-like representation (Figure 7) . The Sankey diagram is a visualization tool used to depict quantitative information about flows from one set to another within a network [43] . The nodes in each layer (vertical lines) represent the methods of herb-compound (H-C) network construction, compound-target (C-T) network construction, and target interpretation, respectively. The edges (connected lines) between layers indicate that these methods are used together in the same THM-NP studies.
The Sankey diagram-like representation shows the diversity of databases and tools used in THM-NP studies and their combination patterns (Figure 7) . We found that the nodes in the first layer (H-C network construction) tend to be connected to specific nodes in the second layer (C-T network construction), which indicates that the combinatorial pattern between the first and second layer is biased by the methods for H-C network construction. For example, TCMSP in the first layer is mainly connected to TCMSP and molecular docking in the second layer, and Traditional Chinese Medicine Integrated Database (TCMID), UPLC, and literature mining in the first layer are not linked to molecular docking in the second layer. On the other hand, the nodes in the second layer tended to be evenly connected to the nodes in the third layer (target interpretation), which indicates that the combinatorial pattern between the second layer and third layer are relatively independent of the methods for C-T network construction. The Sankey diagram-like representation shows the diversity of databases and tools used in THM-NP studies and their combination patterns (Figure 7) . We found that the nodes in the first layer (H-C network construction) tend to be connected to specific nodes in the second layer (C-T network construction), which indicates that the combinatorial pattern between the first and second layer is biased by the methods for H-C network construction. For example, TCMSP in the first layer is mainly connected to TCMSP and molecular docking in the second layer, and Traditional Chinese Medicine Integrated Database (TCMID), UPLC, and literature mining in the first layer are not linked to molecular docking in the second layer. On the other hand, the nodes in the second layer tended to be evenly connected to the nodes in the third layer (target interpretation), which indicates that the combinatorial pattern between the second layer and third layer are relatively independent of the methods for C-T network construction.
Co-Author Network and Affiliation Network
To further understand how the methodologies of THM-NP studies are employed among researchers, we constructed a co-author network and an affiliation network that were mapped with drug availability and DTI methods. The nodes in each network denote the author and affiliation, and the edges indicate that two of them appear on the same paper. The methods of DTI and drug- 
To further understand how the methodologies of THM-NP studies are employed among researchers, we constructed a co-author network and an affiliation network that were mapped with drug availability and DTI methods. The nodes in each network denote the author and affiliation, and the edges indicate that two of them appear on the same paper. The methods of DTI and drug-availability used by the corresponding author and affiliation are represented by the pie chart and the outline, respectively.
In the author network, Yonghua Wang (n = 18) and Shao Li (n = 8) appeared most frequently as the corresponding author (Figure 8 ). More than a third of corresponding authors (52/147) combined DTI methods, such as the chemogenomic approach, docking simulation approach, and ligand-based approach. Approximately half of the corresponding authors (69/147) employed evaluation tools to screen for compounds with favorable pharmacokinetic properties, and most of them (50/69) used Obioavail and drug-likeness in combination.
the corresponding author (Figure 8 ). More than a third of corresponding authors (52/147) combined DTI methods, such as the chemogenomic approach, docking simulation approach, and ligand-based approach. Approximately half of the corresponding authors (69/147) employed evaluation tools to screen for compounds with favorable pharmacokinetic properties, and most of them (50/69) used Obioavail and drug-likeness in combination. We also constructed and visualized the affiliation network (Supplementary Figure S1) . Northwest A&F University (n = 22) and China Academy of Chinese Medical Sciences (n = 17) appeared most frequently. Most affiliations combined various DTI methods (68/143) and employed drug-availability methods (86/143).
Discussion
In this study, we successfully identified the complex methodological trends of THM-NP research fields by analyzing the frequency of the employed methods in THM-NP studies over time and visualizing the combinatorial patterns between them. Our results showed that the number of THM-NP studies and employed databases/tools have been dramatically increased in the last decade. We also found characteristic patterns exist in combining methods of each analysis step in THM-NP studies. Finally, we showed how the diverse methods for THM-NP studies are employed and shared among researchers in the field by analyzing the co-authorship and affiliation networks.
Among the network pharmacology databases, TCMSP was the most frequently employed database for constructing herb-compound-target networks. This database was developed in 2014 and has been predominantly employed among THM-NP studies [17] . TCMSP provides a network pharmacological analysis of 499 medicinal herbs registered in the Chinese pharmacopeia along with information on ADME properties, such as bioavailability, drug-likeness, and P450, in a one-step We also constructed and visualized the affiliation network (Supplementary Figure S1) . Northwest A&F University (n = 22) and China Academy of Chinese Medical Sciences (n = 17) appeared most frequently. Most affiliations combined various DTI methods (68/143) and employed drug-availability methods (86/143).
Among the network pharmacology databases, TCMSP was the most frequently employed database for constructing herb-compound-target networks. This database was developed in 2014 and has been predominantly employed among THM-NP studies [17] . TCMSP provides a network pharmacological analysis of 499 medicinal herbs registered in the Chinese pharmacopeia along with information on ADME properties, such as bioavailability, drug-likeness, and P450, in a one-step manner. Recently, other network pharmacology databases, such as BATMAN-TCM (http://bionet.ncpsb.org/batman-tcm) and TCM-Mesh (http://mesh.tcm.microbioinformatics.org/), were developed [44, 45] . They are expected to further facilitate THM-NP research fields by providing network pharmacological analysis for more than 5000 medicinal herbs.
Among the processes used in THM-NP research, the methodology for constructing a C-T network has shown the greatest change over time. In the early stages of THM-NP research, DTI methods for identifying targets of herbal ingredients relied on molecular docking simulations, which require high computational resources ( Figure 5D ). With the advancement of DTI prediction methods, several methodologies have been applied to THM-NP research fields that can efficiently identify the multiple targets of multiple ingredients in herbal medicines. First, the development and application of machine learning techniques and network-based methods enabled large-scale prediction of the targets of herbal medicines in terms of efficient computational costs [17, 44, 46, 47] . Second, increased computational power made it possible to comprehensively explore potential targets of the compounds using the pharmacophore model [48] . Last, the development of databases that integrate disparate data sources provides comprehensive and high-quality information on DTIs [49] . Furthermore, recently developed DTI prediction models based on deep learning showed higher performance than other state-of-the-art models [50, 51] . Such innovation in the machine learning field is expected to facilitate the development of the THM-NP research field.
To conduct THM-NP research, various tools and databases are combined in each phase of a study ( Figure 7) . We found that the methods for H-C network construction tend to be linked with specific methods for C-T network construction. This result indicates that there might be a preferred combinatorial pattern when choosing the methods for constructing H-C-T network. On the other hand, the combinatorial patterns between the methods for C-T network construction and target interpretation are relatively independent when compared to the previous step. This result indicates that the databases used for target interpretation tend to be chosen for the purpose of the study, while each method was preferred by different researchers in the previous steps. Further studies are needed to evaluate the reliability of network pharmacological analysis by evaluating the consistency between predicted results according to the methodologies of THM-NP studies.
There are some limitations to our study that should be noted. First, we identified potentially relevant articles using combined keywords consisting of THM-related terms and NP-related terms. Although we carefully selected search terms, we cannot guarantee that our search strategy can fully identify THM-NP studies. Second, we found potentially relevant articles only in PubMed. It is one of the largest electronic database in the world. However, there are other databases which may include other potential THM-NP studies, such as Embase, China Knowledge Resource Integrated Database (CNKI), Research Information Sharing Service (RISS), and Japan Science Technology Information Aggregator (J-stage). Last, we limited the search range of our study to English literature, which might have introduced some bias. In spite of these limitations, our results will help to improve the understanding of the methodological trends of the THM-NP research fields.
Conclusions
In conclusion, we investigated the methodological trends in THM-NP studies. Our results provide researchers with the current status of which methodologies are used in THM-NP studies and how they are applied. 
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